1. Introduction {#sec1-ijms-20-02276}
===============

Type 2 inflammatory responses are elicited in hosts infected with parasitic helminths or exposed to xenotoxic agents, venom, and allergens \[[@B1-ijms-20-02276],[@B2-ijms-20-02276]\]. While previously considered that CD4^+^ T cells and certain myeloid populations were the predominant sources of Type 2 cytokines, the past decade has been met with strong evidence that a rare subset of innate lymphocytes are major sources of type 2 cytokines, including interleukin 5 and 13. Originally described as non-B, T, myeloid, or natural killer (NK) cells elicited by helminthic parasites, it is now well accepted that innate lymphoid type 2 cells (ILC2) are a major component of type 2 immunity in mice and humans that are crucial for immunity against helminths.

2. Historical Perspective {#sec2-ijms-20-02276}
=========================

These cells were first identified in 2006 as a non-B, non-T (NBNT) IL-13 producing cell that was dependent on the production of IL-25 \[[@B3-ijms-20-02276]\]. Interestingly, NBNT cells were specifically found in the mesenteric lymph node (MLN), but not the spleen or bone marrow, and expanded in the presence of IL-25 as well as during day five of *Nippostrongylus brasiliensis* (*N. brasiliensis*) \[[@B3-ijms-20-02276]\]. Furthermore, this subset of NBNT cells arose when recombinant IL-25 was administered intraperitoneally (i.p.) in RAG1^−/−^ and IL4^−/−^IL5^−/−^IL9^−/−^IL13^−/−^mice, suggesting that this population of cells arose independently of T and B cell lineages and type 2 cytokines \[[@B3-ijms-20-02276]\]. In 2010, these cells were further described by three independent groups as lineage negative CD45^+^ ST2^+^ IL17BR^+^ that variably expressed Sca-1 and c-Kit and produced large amounts of IL-5 and IL-13 \[[@B4-ijms-20-02276],[@B5-ijms-20-02276],[@B6-ijms-20-02276]\]. Each group proposed a different name for these cells. Moro et al. suggested "natural helper cells", Neill et al. coined "nuocytes" for the 13th letter of the Greek alphabet, nu, and Price et al. recommended "innate type 2 helper cells" \[[@B4-ijms-20-02276],[@B5-ijms-20-02276],[@B6-ijms-20-02276]\]. However, studies consistently demonstrated that IL-13 from these cells was necessary for expelling *N. brasiliensis*, because recipients of adoptively-transferred IL-13-deficient nuoctyes/natural helper/innate type 2 helper cells did not expel *N. brasiliensis* \[[@B7-ijms-20-02276]\]. These cells were also found at the steady state in the MLN, spleen, lung, peritoneum, liver, and bone marrow in naïve mice and were lineage^negative^ c-kit^low^ Sca-1^−^ IL2rβ^low^ Ly5.2^+^ Thy1^+^ and CD44^high^ \[[@B5-ijms-20-02276]\]. While this population was preserved in Rag2^−/−^ mice, it was absent from Rag, common γ chain double knock-out mice, suggesting that the γ chain, a key component of IL-2, 7, 9, and 15 receptors, was necessary for the development and survival of nuocytes \[[@B5-ijms-20-02276],[@B8-ijms-20-02276]\]. All of these reports consistently identified an innate cell source of IL-13 that was expanded in the presence of IL-25, IL-33, or *N. brasiliensis* infection. Finally, in 2013, Spits et al. proposed that these cells be universally referred to as group 2 innate lymphoid cells (ILC2) \[[@B9-ijms-20-02276]\]. A summary of mice and human ILC2 markers is listed in [Table S1](#app1-ijms-20-02276){ref-type="app"}.

3. ILC2 Development {#sec3-ijms-20-02276}
===================

ILC2s are found at mucosal tissue sites, including the lung, small intestine, colon, and MLN, as well as in the bone marrow, spleen, liver, kidney, and adipocyte tissue \[[@B10-ijms-20-02276],[@B11-ijms-20-02276]\]. It is now widely accepted that ILC2s express CD90 and IL7R^alpha^ \[[@B4-ijms-20-02276],[@B8-ijms-20-02276],[@B12-ijms-20-02276]\], and that their development and function rely on transcription factors GATA3, RORα, Id2, and NFIL3 \[[@B13-ijms-20-02276]\]. ILCs develop from a common lymphoid progenitor, followed by a lymphoid progenitor that is α~4~β~7~^+^, a common helper-like ILC progenitor (CHILP), and finally differentiate into ILC2 progenitor cells (ILC2p) \[[@B14-ijms-20-02276]\].

ILC2 progenitor cells (ILC2p) are found in the bone marrow and are Lin^−^Sca1^hi^GATA3^hi^ CD90^+^ IL7R^+^ID2^+^IL2rg^+^cells that produce low amounts of IL-5 \[[@B15-ijms-20-02276]\]. ILC2p cells were identified as specific progenitors for ILC2 because, when cultured with OP9 feeder cells or Notch ligand delta like 1 (OP9-DL1) expressing OP9 cells in the presence of IL-7 or IL-7 plus IL-33, these cells expressed ILC2 transcription factors Id-2 and Gata3, but not markers for T or B cells \[[@B16-ijms-20-02276],[@B17-ijms-20-02276]\]. To further understand what drives the progression of ILC2 development, GATA3 was deleted in all hematopoietic cells using Gata3^fl/fl^ vav-cre mice. This deletion led to the loss of ILC2p cells in the bone marrow and ILC2 cells from the small intestine and lung, suggesting that GATA3 is important for both the development and maintenance of ILC2 \[[@B18-ijms-20-02276]\]. In addition to GATA3, there is a cell intrinsic role for RORα expression in the development of ILC2 cells. Whereas ILC2s can develop from RORα-sufficient bone marrow when co-cultured with OP9-DL1 cells, ILC2s do not arise from RORα^sg/sg^ bone marrow under the same conditions \[[@B19-ijms-20-02276]\].

Maturation of ILC2p requires additional transcription factors. T-cell specific high mobility group box transcription factor (TCF-1) is a transcription factor that is required for ILC2 development \[[@B20-ijms-20-02276]\]. *Tcf7* (encodes for TCF-1) mice had reduced numbers of ILC2s in the lungs and a statistically significant loss of ILC2p in the bone marrow compared to wild-type WT mice \[[@B20-ijms-20-02276]\]. These data suggest that TCF-1 is required for ILC2p and ILC2 development. In addition, it has been shown that *Tcf7* promotes ILC2 development in a GATA3 dependent-manner through the upregulation of IL17rb and IL2Ra. Tcf1 can also promote ILC2 development in a GATA3 independent manner through the upregulation of IL7Ra expression \[[@B20-ijms-20-02276]\].

In addition to the transcription factors that control ILC2 development, the cell adhesion molecule intercellular cell adhesion molecule (ICAM1) is enhanced on all ILC2p, immature, and mature ILC2 cells and promotes type 2 immune responses when bound to its ligand, LFA-1 \[[@B11-ijms-20-02276]\]. Furthermore, ICAM1 has an important role in ILC2 development and function inasmuch as *Icam1* deficient (ICAM1^−/−^) mice have a decrease in both immature and mature ILC2 frequencies and number in the lung, intestine, and bone marrow \[[@B11-ijms-20-02276]\]. Additionally, following a generation of mixed chimeras, the majority of ILC2s that developed were from ICAM1-sufficient CLP and not ICAM1^−/−^ CLP \[[@B11-ijms-20-02276]\]. Collectively, these data suggest that ICAM1, TCF7, RORα, NFIL3, and GATA3 are all essential for the development of ILC2. However, ICAM and TCF7 deficiencies do not completely diminish all production of ILC2 development, therefore understanding how a subset of ILC2s develop in the absence of these genes is an important question for future studies.

Many groups have shown that immature and mature ILC2s cultured in media containing IL-7 and IL-2 combined with either IL-33 or IL-25 upregulate GATA3 and KLRG1 (respectively), secrete IL-5 and IL-13, and proliferate \[[@B15-ijms-20-02276],[@B20-ijms-20-02276],[@B21-ijms-20-02276]\]. IL-33 can bind to ST2, leading to the induction of MYD88 and NFKB activation \[[@B22-ijms-20-02276]\]. This signaling cascade is not only important for stimulating the secretion of IL-5 and IL-13 from ILC2s, but also is necessary for the migration of ILC2ps from the bone marrow to peripheral lymphoid organs \[[@B21-ijms-20-02276]\]. Interestingly, thymic stromal lymphopoietin protein (TSLP)-deficient mice had a reduced frequency of ILC2p cells in the bone marrow compared to wild-type mice, whereas IL-33 and ST2-deficient mice had an increase in the frequency of ILC2p in the bone marrow compared to WT mice. ILC2p cells from IL33^−/−^ mice had enhanced CXCR4, a chemokine that retains leukocytes in the bone marrow, which was reversed following treatment with recombinant IL-33. These data suggest that TSLP is necessary for the development of ILC2p, but IL-33 is required for the migration of ILC2p, leaving the bone marrow in a CXCR4-dependent manner \[[@B21-ijms-20-02276]\].

4. Regulation of ILC2 {#sec4-ijms-20-02276}
=====================

Regarding the cytokines that drive ILC2-associated mucosal inflammation, IL-33, IL-25, and TSLP can all activate ILC2s. The roles of these cytokines in ILC2 activation during helminth infection will be discussed in more detail later, in the context of epithelial cell-ILC2 crosstalk during helminth infection. However, it is important to note that IL-25 and IL-33 act in different ways and on distinct ILC2 subsets. While IL-25 can expand IL-13-producing "natural" ILC2s, it was also recently shown to expand a KLRG1^Hi^ population of "inflammatory" ILC2s that can produce IL-17 in the context of a *Candida albicans* infection. \[[@B23-ijms-20-02276],[@B24-ijms-20-02276]\]. These cells respond to IL-25 but not IL-33 alone, exhibit plasticity between ILC2 and ILC3 functions, and can persist at the initial site of inflammation and produce type 2 cytokines long-term \[[@B25-ijms-20-02276],[@B26-ijms-20-02276]\]. IL-33 has largely been shown to activate natural, type 2 cytokine-producing ILCs, but can also synergize leukotrienes and free fatty acids during type 2 inflammation in the airway to enhance ILC2 function \[[@B27-ijms-20-02276],[@B28-ijms-20-02276]\]. That different signals or combinations of signals can so drastically alter ILC2 function suggests that ILC2s must be tightly controlled, and that negative regulatory mechanisms must also exist to prevent aberrant ILC2 function.

One such mechanism is through type I and II interferons (namely IFN-β and IFN-γ), which both suppressed proliferation and cytokine production by ILC2s \[[@B25-ijms-20-02276],[@B29-ijms-20-02276]\]. Interestingly, while IFN-γ suppressed tissue-resident, natural ILC2 responses, it did not suppress inflammatory ILC2 responses, emphasizing the importance of signal integration and context in ILC2 regulation \[[@B25-ijms-20-02276]\]. In addition to interferons, IL-27 also exhibits a suppressive effect on ILC2s \[[@B25-ijms-20-02276],[@B29-ijms-20-02276]\]. In the absence of IL-27, ILC2s accumulate to a greater extent in response to inflammation in the lung. Ex vivo, the addition of IL-27 to ILC2s stimulated with IL-33 and IL-7 led to a decrease in IL-5 and IL-13 expression and secretion, suggesting that IL-27 directly represses ILC2 ([Figure 1](#ijms-20-02276-f001){ref-type="fig"}) \[[@B30-ijms-20-02276]\]. Suppression of ILC2s by both interferons and IL-27 was dependent on STAT1 signaling \[[@B25-ijms-20-02276],[@B29-ijms-20-02276]\]. These mechanisms may be important for curtailing ILC2 activation in contexts where unchecked functions would otherwise be antagonistic to ongoing immunity or even pathogenic to host tissue.

In addition to immunologic signals, ILC2s also sense metabolic signals, such as micronutrient availability, at tissue sites \[[@B31-ijms-20-02276],[@B32-ijms-20-02276]\]. In the small intestine, ILC2s preferentially develop over ILC3s when Vitamin A and its derivative, retinoic acid, are diminished or absent \[[@B31-ijms-20-02276]\]. This predominance of ILC2s in the small intestine confers enhanced immunity to helminth infection while exacerbating enteric bacterial infections \[[@B31-ijms-20-02276]\]. Further work in this area shows that ILC2s thrive in this environment by increasing fatty acid acquisition and metabolism \[[@B32-ijms-20-02276]\]. While there may be other metabolic signals that control ILC2 function, this mechanism of enhanced fatty acid oxidation in response to nutrient deprivation may have important implications for ILC2 function in human diseases and infections in regions of the world where malnutrition is prevalent.

Although ILC2s have drawn considerable interest within the past decade, there are many outstanding questions pertaining to tissue-specific gene expression patterns and biological roles of ILC2 depending on their location \[[@B21-ijms-20-02276],[@B33-ijms-20-02276]\]. It is still unknown whether there are generalized suppressive mechanisms to limit ILC2 activation, such as regulatory ILCs (ILCregs) that produce IL-10, or conversion into different types by cytokines such as IL-27 and IL-12. These considerations are quite important due to the major role of ILC2 in the context of health and disease \[[@B12-ijms-20-02276],[@B34-ijms-20-02276]\]. In particular, understanding how ILC2s are regulated in the context of a helminth infection will be necessary for improving existing anthelmintic drugs and developing new therapeutics to treat helminth infections.

5. ILC2 Expansion and Function at Sites of Helminth Infection {#sec5-ijms-20-02276}
=============================================================

ILC2s were first discovered in gastrointestinal (GI) nematode infection models, and are now appreciated to be a predominant, early source of IL-13 following infection by these helminths, driving goblet cell hyperplasia, smooth muscle hypercontractility, mucus production, and, ultimately, worm clearance \[[@B3-ijms-20-02276],[@B4-ijms-20-02276],[@B6-ijms-20-02276],[@B35-ijms-20-02276],[@B36-ijms-20-02276],[@B37-ijms-20-02276]\]. Infection with rodent hookworms *N. brasiliensis* or *Heligmosomoides polygyrus bakeri* induces the release of IL-25 and IL-33, which rapidly and robustly expands ILC2 populations in the small intestine \[[@B3-ijms-20-02276],[@B4-ijms-20-02276],[@B38-ijms-20-02276],[@B39-ijms-20-02276]\]. In the lung during an *N. brasiliensis* infection, ILC2s are actively recruited in a CRTH2 (chemoattractant receptor homologous molecule expressed on Th2 cells)- and prostaglandin D2 (PGD2)-dependent manner \[[@B40-ijms-20-02276]\]. Survival and cytokine production by ILC2 in the lung is also dependent on expression of Inducible T cell co-stimulator (ICOS) and ligation of this receptor by ICOS-L \[[@B41-ijms-20-02276]\]. Furthermore, their expansion and IL-13 production in the lung is largely dependent on alarmin IL-33 and cytokine IL-9 during *Strongyloides venezuelensis* and *N. brasiliensis* infections \[[@B35-ijms-20-02276],[@B40-ijms-20-02276],[@B42-ijms-20-02276],[@B43-ijms-20-02276],[@B44-ijms-20-02276],[@B45-ijms-20-02276]\].

While this work does not definitively show a necessary role for ILC2s in clearance, it suggests that these cells are important for IL-5, IL-13, and amphiregulin production and coordination of eosinophilia in the lung during infection \[[@B42-ijms-20-02276],[@B45-ijms-20-02276]\]. The necessity of ILC2s during a GI nematode infection has been more clearly demonstrated using ILC2-deficient (*Rorα*^fl/sg^*Il7r*^Cre^) and ILC2 inducible deleter (ICOS-T) mice, in which clearance of the *N. brasiliensis* infection is significantly impaired \[[@B46-ijms-20-02276]\]. While the necessity of ILC2s in other murine GI nematode models and human GI nematode infections remains to be demonstrated, work thus far indicates that ILC2 expansion and cytokine production are key events in the immune response to this family of helminths \[[@B47-ijms-20-02276]\].

The role of ILC2s in infected tissues during schistosomiasis and filarial helminthiases is not as well studied as in GI nematode infections, but murine infection with filarial helminth *Litomosoides sigmodontis* or *Schistosoma mansoni* expands ILC2s locally \[[@B48-ijms-20-02276]\]. In an *L. sigmodontis* infection, ILC2s increase at sites of adult worm infections within five days, and this population peaks before infections reach patency several weeks later. Furthermore, the high percentage of ILC2s that produce IL-5 during early infection suggests that these cells are an important source of this crucial cytokine and potentiate Th2 responses to *L. sigmodontis* that arise later during the infection \[[@B43-ijms-20-02276],[@B48-ijms-20-02276]\]. Similarly, IL-13-producing ILCs are increased in adults with filarial infections (i.e., *Loa loa*, *Wuchereria bancrofti*, or *Onchocerca volvulus*), which, while correlative, suggests ILC2s may also be important cytokine-producers in human filariases ([Table S1](#app1-ijms-20-02276){ref-type="app"}) \[[@B49-ijms-20-02276]\].

In schistosomiasis, the role for ILC2s is more complicated. Expansion of ILC2s in the lungs and liver of *S. mansoni*-infected mice drives tissue fibrosis \[[@B24-ijms-20-02276],[@B44-ijms-20-02276]\]. In the absence of either IL-25 signaling (*Il25*^−/−^ or *Il17rb*^−/−^ mice) or ILC2s (*Rorα*^sg/sg^ mice), pulmonary fibrosis during an *S. mansoni* infection was abrogated \[[@B24-ijms-20-02276]\]. Similarly, hepatic fibrosis was abrogated in mice deficient in the IL-1R associated protein (IL-1R3), a subunit of the IL-33 receptor, and fibrosis was shown to be mediated in the liver by IL-33-responsive ILC2s \[[@B44-ijms-20-02276]\]. In humans, while ILC2s do not increase in the peripheral blood adolescents and young adults infected with *Schistosoma haematobium* \[[@B50-ijms-20-02276]\], humans with idiopathic pulmonary fibrosis exhibit increased percentages and numbers of ILC2s in bronchioalveolar lavage (BAL) fluid \[[@B24-ijms-20-02276]\]. Thus, investigation of ILC2 populations at sites of fibrosis, such as the lung or liver, in human schistosomiasis patients may reveal a similar correlation between ILC2s and tissue damage in humans as has been demonstrated in mice. Surprisingly, however, investigations in children aged between 6 and 9 years old reveal that ILC2s are positively correlated with resolution of schistosomiasis. *S. haematobium*-infected children have significantly fewer circulating ILC2s than uninfected controls, and the administration of curative treatment (praziquantel) restores ILC2 numbers to those observed in children who tested negative for *S. haematobium* prior to treatment \[[@B50-ijms-20-02276]\]. Though the exact function of ILC2s in human schistosomiasis remains to be investigated, data from both mice and humans suggests that ILC2s require tight regulation to maintain a balance between protection and host damage, and that their role in protection may change throughout human development.

One notable gap in our understanding of ILC2s at sites of helminth infection is their level of involvement in skin immune responses to penetrative helminth species, including hookworms like *N. brasiliensis* and systemic helminths like *S. mansoni*. Recent work by Obata-Ninomiya et al. demonstrates that basophil-derived IL-4 coordinates M2 macrophage-mediated trapping and killing of *N. brasiliensis* larvae in the skin upon secondary infection \[[@B51-ijms-20-02276]\]. Unexpectedly, ILC2s were not shown to expand in the skin in response to an *N. brasiliensis* infection \[[@B51-ijms-20-02276]\]. This finding differs from reports of ILC2 expansion at other sites of helminth infection, and is surprising given that IL-33, a key inducer of ILC2 expansion, is expressed both at baseline and during inflammation in the skin \[[@B52-ijms-20-02276]\]. Whether skin ILC2s expand in response to other skin-penetrative worms, or whether their function is altered during skin penetration, is not clear. However, it is possible that the disparity in ILC2 expansion between the skin and other sites of infection (e.g., lung, GI tract) is due instead to functional difference between skin-resident ILC2s and those in other tissues. Single-cell transcriptomics of ILC2s reveals that these cells cluster distinctly based on their tissues of origin, and that skin ILC2s are uniquely programmed to respond to IL-18 as opposed to canonical type 2 signals like IL-25 and IL-33 (Ricardo-Gonzalez et al., 2018). This difference could explain why ILC2s were not observed to expand in the skin early following *N. brasiliensis* penetration. Alternatively, the lack of expansion of ILC2s could reflect suppression or evasion by the infective stage of the parasite. Though ILC2s have not been directly examined in this context, human Langerhans cells and dermal dendritic cells have been shown to remain quiescent and even downregulate innate immune genes when exposed to infective *Brugia malayi* larvae in vitro \[[@B53-ijms-20-02276],[@B54-ijms-20-02276],[@B55-ijms-20-02276]\]. Investigating both the expansion and function of ILC2s in the context of different skin-penetrating helminth models will be necessary to understand whether ILC2s play a role in the immune response to larvae in the skin.

6. ILC2 Crosstalk with Epithelial Cells during Helminth Infection {#sec6-ijms-20-02276}
=================================================================

Initial reports of ILC2s established that their expansion during helminth infection is driven largely by IL-17 family member IL-25 (IL-17E). However, IL-25 is expressed by intestinal epithelial cells, endothelial cells, type 2 CD4^+^ (Th2) cells, natural killer T cells (NKT), FcεR1-ligated mast cells, and eosinophils, and thus could come from a variety of cell types during helminth infection \[[@B3-ijms-20-02276],[@B4-ijms-20-02276],[@B38-ijms-20-02276],[@B39-ijms-20-02276],[@B56-ijms-20-02276],[@B57-ijms-20-02276],[@B58-ijms-20-02276],[@B59-ijms-20-02276]\]. Interestingly, three independent groups recently demonstrated that intestinal epithelial cells, specifically rare, chemosensory Tuft cells, expand during worm infection and are necessary producers of IL-25 \[[@B38-ijms-20-02276],[@B39-ijms-20-02276],[@B60-ijms-20-02276]\]. In the absence of Tuft cells, ILC2s fail to expand, leading to impaired clearance of both *N. brasiliensis* and *H. polygyrus*, but exogenous delivery of IL-25 is sufficient to induce worm expulsion \[[@B39-ijms-20-02276]\]. Recently, it was demonstrated that Tuft cells themselves expand and produce IL-25 in response to microbial metabolite succinate, which is produced by both *N. brasiliensis* as well as protist *Trichomonas* \[[@B61-ijms-20-02276],[@B62-ijms-20-02276]\]. Administration of succinate alone was sufficient to induce expansion of ILC2s in the small intestine in a succinate receptor (SUCNR1)-dependent manner \[[@B61-ijms-20-02276],[@B62-ijms-20-02276]\]. While this receptor was not required for clearance of *N. brasiliensis*, expression of TRMP5, an ion channel important for taste signal transduction, was \[[@B61-ijms-20-02276],[@B62-ijms-20-02276]\]. These results suggest that this Tuft cell-ILC2 circuit can be induced by the sensation of metabolites elicited at the site of the parasite infestation \[[@B61-ijms-20-02276],[@B62-ijms-20-02276]\]. Moreover, once Tuft cells elicit ILC2 expansion, ILC2-derived IL-13 initiates a feed-forward loop that signals back to intestinal crypt cells via IL-4Ra to remodel the epithelium, promoting increased numbers of Tuft cells and goblet cells \[[@B39-ijms-20-02276],[@B60-ijms-20-02276]\]. Since goblet cells produce mucus and resistins like Relm-β, that are necessary to expel worms from the intestine \[[@B63-ijms-20-02276]\], this Tuft cell-ILC2 circuit is crucial for immunity against GI nematodes.

In addition to IL-25, IL-33 is also a key activator of ILC2s, especially in the lung but also in the GI tract \[[@B3-ijms-20-02276],[@B4-ijms-20-02276],[@B45-ijms-20-02276]\]. Whole-body genetic deletion of IL-33 results in impaired clearance to *N. brasiliensis* in mice, which corresponds to reduced IL-13 production by ILC2s and, subsequently, reduced Relm-β production and eosinophilia \[[@B45-ijms-20-02276]\]. However, the mechanism by which IL-33 is induced and released to act upon ILC2s during helminth infection remains unresolved. The current dogma is that IL-33 is released from epithelial cells upon worm-induced damage at barrier sites and cleaved into its bioactive form by cathepsins and other proteases, allowing it to bind its receptor on ILC2s and activate these cells \[[@B64-ijms-20-02276]\], yet a requirement for epithelial-derived IL-33 for helminth clearance has not been demonstrated. This model is further complicated by recent reports indicating that a number of other cell types, including macrophages, mast cells, and dendritic cells, express IL-33 \[[@B64-ijms-20-02276],[@B65-ijms-20-02276],[@B66-ijms-20-02276],[@B67-ijms-20-02276],[@B68-ijms-20-02276],[@B69-ijms-20-02276]\]. Recently, mast cells were shown to produce IL-33 during *H. polygyrus* infection, dependent on adenosine triphosphate ATP signaling through the P2X7 receptor \[[@B70-ijms-20-02276]\]. Inhibition of P2X7 receptor signaling led to enhanced worm burdens, correlated with decreased expression of IL-33 in mast cells, while reconstitution of IL-33^−/−^ mice with IL-33-sufficient bone marrow reduced worm burdens and increased ILC2 frequencies \[[@B70-ijms-20-02276]\]. That hematopoietic cells are important sources of IL-33 is further corroborated by work in the *Alternaria alternata* fungal allergen model, where IL-33 production by macrophages can lead to the activation of ILC2s in a group V phospholipase A2 (PLA2g5)-dependent manner \[[@B27-ijms-20-02276],[@B28-ijms-20-02276]\]. Whether IL-33 production in other cell types is necessary for ILC2 activation and helminth clearance is not clear. Furthermore, it is not known whether the cells identified above must release IL-33 to activate ILC2s, or how IL-33 could be released from these cell types. Identifying critical source(s) of IL-33 and uncoupling the intra- and extra-cellular functions of IL-33 will be important for understanding how IL-33 regulates ILC2 activation and function during helminth infection.

In addition to producing IL-5, IL-13, and small amounts of IL-4, ILC2s are also key producers of IL-9 \[[@B35-ijms-20-02276]\]. IL-9 was discovered as a cytokine produced by CD4^+^ T cells. IL-9 induces mastocytosis, eosinophila, mast cell infiltration, and mucus production indirectly via IL-4, IL-5, and IL-13 \[[@B71-ijms-20-02276],[@B72-ijms-20-02276]\], and serves as a T cell and mast cell survival and growth factor \[[@B73-ijms-20-02276],[@B74-ijms-20-02276]\]. Recently, ILC2s were found to produce IL-9 as well, and during an *N. brasiliensis* infection IL-9-producing ILC2s outnumber IL-9 producing CD4^+^ T cells 5--10-fold in the lung \[[@B35-ijms-20-02276]\]. Furthermore, autocrine IL-9 signaling on ILC2s is important for their expansion and production of IL-5, IL-13, and epidermal growth factor receptor (EGFR)-ligand amphiregulin in the lung \[[@B35-ijms-20-02276],[@B36-ijms-20-02276]\]. When IL-9R is genetically ablated, ILC2 but not CD4^+^ T cell expansion in the lung during *N. brasiliensis* infection is diminished, and IL-5, IL-13, and amphiregulin are significantly reduced \[[@B35-ijms-20-02276]\]. Since ILC2-derived amphiregulin plays an important role in epithelial regeneration and tissue repair following helminth-induced tissue damage, loss of IL-9 signaling impairs lung tissue repair following an *N. brasiliensis* infection and ultimately delays worm clearance \[[@B35-ijms-20-02276]\]. Furthermore, alveolar type II cell-derived IL-33 and TSLP are necessary to induce interferon regulatory factor 4(IRF4)-driven IL-9 production by ILC2s \[[@B36-ijms-20-02276]\]. Thus, IL-9 is upregulated in ILC2s in response to epithelial damage and signals in an autocrine manner to induce IL-5, IL-13, and amphiregulin. These signals feedback on the epithelium to induce mucus production, smooth muscle hypercontraction, and barrier restitution during helminth infection.

ILC2 crosstalk with CD4^+^ T cells during helminth infection, in addition to their crosstalk with epithelial cells. ILC2s also regulate and receive feedback from CD4^+^ T cells during helminth infections. CD4^+^ T cells are requisite for immunity against helminth infections in both mice and humans, but the mechanisms underlying their activation, function, and maintenance during these infections are not well understood \[[@B75-ijms-20-02276],[@B76-ijms-20-02276],[@B77-ijms-20-02276],[@B78-ijms-20-02276]\]. However, emerging evidence suggests that ILC2--CD4^+^ T cell crosstalk in the context of a GI nematode infection is crucial for CD4^+^ T cell activation and function, as well as for worm clearance. For example, when ILC2s are genetically ablated, IL-5 and IL-13 production by CD4^+^ T cells in the MLN drops dramatically, and mice fail to expel *N. brasiliensis* \[[@B46-ijms-20-02276]\]. In the lung, CD4^+^ T cells and ILC2s cooperate to promote M2 macrophage activation and M2-mediated larval trapping and killing. While ILC2 production of IL-13 alone appears to be sufficient to support this macrophage population, ILC2s depend on IL-2 from CD4^+^ T cells to survive and mediate these effects during infection \[[@B46-ijms-20-02276],[@B79-ijms-20-02276]\]. Conversely, T~H~2 differentiation relies on ILC2-derived IL-4 during an *H. polygyrus* infection \[[@B80-ijms-20-02276]\]. Thus, ILC2s and CD4^+^ T cells are interdependent in responding to helminth infections ([Figure 2](#ijms-20-02276-f002){ref-type="fig"}).

Interestingly, ILC2s have recently been shown to express major histocompatibility complex class II (MHCII), which is required for antigen presentation to CD4^+^ T cells \[[@B46-ijms-20-02276],[@B81-ijms-20-02276]\]. Indeed MHCII-bearing ILC2s can present antigen to and expand CD4^+^ T cells in vitro, and their expression of the co-stimulatory molecule OX40L specifically elicits the expansion of T~h~2s and Tregs in response to IL-33 during an *N. brasiliensis* infection \[[@B46-ijms-20-02276],[@B81-ijms-20-02276]\]. MHCII-mediated interactions between CD4^+^ T cells and ILC2s also impact on ILC2 function, as IL-2 is upregulated in ILC2-activated antigen-specific CD4^+^ T cells and is necessary for ILC2s to upregulate type 2 cytokines in vitro \[[@B46-ijms-20-02276]\]. Moreover, loss of either MHCII or OX40L in ILC2s leads to the impaired clearance of *N. brasiliensis*, highlighting the importance of this axis in type 2 immune responses to parasitic nematodes \[[@B46-ijms-20-02276],[@B81-ijms-20-02276]\].

7. Conclusions {#sec7-ijms-20-02276}
==============

While there has been considerable interest in ILC2 ontogeny, cytokine production, and regulation in the years since their discovery, there remains a paucity of information regarding the intercellular communicative networks that restrain and elicit ILC2 function. Cytokine-mediated crosstalk between epithelial barriers and ILC2s is undoubtedly important, but how ILC2s provide feedback to various epithelial cell lineages such as Tuft cells remains an open area of exploration. Moreover, the chemosensory cues that direct ILC2s to localize to specific niches for survival, expansion and cytokine production all remain areas that are, to date, largely obscure. Additionally, while signals such as IL-25 and IL-33 are known to be important for expanding ILC2s at sites like the gut and the lung, the requisite cellular source(s) of IL-25 and IL-33 have not yet been identified, and the regulatory mechanisms controlling IL-33 release remain poorly understood. Emerging evidence indicates that ILC2s can also interface with sensory nerve fibers through multiple mechanisms, including neuromedin U and acetylcholine \[[@B82-ijms-20-02276]\]. However, whether, and if so, how ILC2 expansion reciprocally influences sensory nerve fibers and nervous system biology is not well understood. Improving our understanding of events that occur both upstream and downstream of ILC2 activation will inform not only basic research but also the design of therapeutics targeting ILC2s during helminth infection.

In addition to their crosstalk with epithelial barriers, ILC2s also communicate with other cells of the immune system. During helminth infection, ILC2s orchestrate the recruitment of eosinophils and mast cells and, in collaboration with CD4^+^ T cells, activate M2 macrophage subset development. While some work has shown that ILC2--CD4^+^ T cell crosstalk occurs in an MHCII-dependent manner, the antigen repertoire that ILC2s present to CD4^+^ T cells is not well characterized. Understanding how, where, and when ILC2s take up antigen will be important for understanding how CD4^+^ T cells recognize helminths and how vaccines can elicit better CD4^+^ T cell responses through this axis. Certainly, there is much work to be done in years to come that could have an important impact on human health and disease.

Supplementary materials can be found at <https://www.mdpi.com/1422-0067/20/9/2276/s1>.
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